Hepatocyte transplantation and use of bioartificial liver support systems have been suggested as potential therapies for fulminant hepatic failure. Cryopreservation in liquid nitrogen is presently the major method of long-term storage of isolated hepatocytes. However, cryopreservation can result in low cell recovery and reduction in differentiated function. Several possible mechanisms of cell death during cryopreservation have been proposed. The most important mechanisms appear to be oxidative stress and apoptosis. In this study, we isolated fresh rat hepatocytes and cryopreserved them in three media: University of Wisconsin (UW) solution, an antioxidant-containing medium, and medium containing a caspase inhibitor. Viability and function of hepatocytes cryopreserved in these media were examined. Cryopreservation conditions had no effect on hepatocyte viability after thawing. However, after culture we found significant improvements in viability and function in both antioxidant-and caspase inhibitor-treated hepatocytes at 6 and 24 h.
INTRODUCTION
mals. Reagents, culture media and chemicals were purchased from Sigma Chemical Co. (St. Louis, MO) un-For hepatocyte-based therapeutic strategies to sucless otherwise noted. ceed, there is a need for development of effective cryopreservation methods to allow long-term storage of iso-Hepatocyte Isolation lated hepatocytes. Current cryopreservation techniques Hepatocytes were isolated from adult male Spragueoften result in significant decreases in cell viability and Dawley rats using a two-step portal vein perfusion techfunction after thawing. Several studies described longnique (24) . Cell viability was measured using trypan term storage protocols designed to improve cell function blue exclusion. after cryopreservation. Postthawing viability of cryopreserved hepatocytes has been reported at 70-86% (10, Hepatocyte Cryopreservation 18, 19) . There have been only few reports of functional Freshly isolated hepatocytes (5 × 10 6 cells/ml) were testing in thawed hepatocytes. Some studies have sugcryopreserved in the following groups. Control group: gested that both apoptosis and necrosis occur in cryoprecells were treated with University of Wisconsin (UW) served and cold-stored hepatocytes and that using antisolution containing 20% fetal bovine serum (FBS) and oxidants and caspase inhibitors reduced cell death and 10% dimethyl sulfoxide (DMSO). Antioxidant group: increased postthawing cell viability (19, 21, 27) . We furcells were treated with UW solution containing 20% ther examined the viability and function of cryopre-FBS and 10% DMSO; 20 µM butylated hydroxytoluene served rat hepatocytes with and without antioxidants or and 500 µM ascorbic acid were added to the medium. a caspase inhibitor.
Caspase inhibitor group: cells were treated with UW solution containing 20% FBS and 10% DMSO; 40 µM of MATERIALS AND METHOD a caspase family inhibitor, Z-Val-Ala-Asp(Ome)-fluoromethylketone (ZVAD; Alexis Biochemicals, San Diego, All experiments were performed following protocols approved by the Institutional Animal Care and Use CA), was added. Cells in all groups were placed in a −70°C freezer for 16 h and then transferred into a liquid Committee and in accordance with National Research Council guidelines for humane care of experimental ani-nitrogen vessel for storage.
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Hepatocyte Thawing
Proliferation Kit I (Roche). The test was performed according to the instructions of the manufacturer in 96-Cryopreserved hepatocytes were rapidly thawed by well plates with 4 × 10 4 cells in 100 µl culture medium immersing cryotubes containing cells in a 37°C water per well. The test was performed 6 and 24 h after seedbath. Hepatocytes were washed three times in DMEM ing. Total incubation time was 2 h. containing 10% FBS (for the antioxidant and caspase inhibitor groups, the respective supplements were add-Statistical Analysis of Data ed) to remove all traces of DMSO. Later, cells were Results are reported as means ± SEM. Data were anacentrifuged, the supernatant discarded, and cell pellets lyzed using the GraphPad Prism software. Analysis of were resuspended in culture media. After thawing, cell variance was used for comparisons among groups. Unviability was determined by trypan blue exclusion.
paired Student t-test and a nonparametric test were used Hepatocyte Cultures to compare all results. Differences in values that were p < 0.05 were considered significant. Postfreeze/thaw hepatocytes were cultured either in 24-well collagen-coated plates (1.3 × 10 5 cells/ml) or in RESULTS 96-well culture plates (4 × 10 5 cells/ml). The culture me-Viability of Cryopreserved Hepatocytes dium consisted of DMEM containing 5% FBS, 20 mM HEPES, 0.2% bovine serum albumin, 25 mM sodium After enrichment through a Percoll density gradient, bicarbonate, 10 mM nicotinamide, 10 −7 M dexamethafresh cell viability was greater than 90%. The viability sone, 2 mg/ml galactose, 30 µg/ml proline, ITS mixture of thawed hepatocytes was 84.9% for the control group, (Life technologies, Rockville, MD), and antibiotics 85.3% for the antioxidant group, and 87.2% for the cas-(Omega Scientific, Tarzana, CA). For the antioxidant pase inhibitor group. There were no statistically signifiand caspase inhibitor groups, the respective supplements cant differences in viability among the groups. were added.
Lactate Dehydrogenase (LDH) Levels Measurement of LDH in Attached Hepatocytes
in Hepatocyte Cultures At 6 and 24 h after seeding, each dish was washed LDH release from attached cells after 6 h in culture with PBS twice and attached cells were lysed by 500 µl is shown in Figure 1 . Control hepatocytes had lower lev-1% Triton X for 30 min. LDH activity released from the els of LDH than antioxidant-and caspase inhibitorcytosol was measured using a Cytotoxicity Detection Kit treated hepatocytes ( p < 0.0001, for control vs. antioxi-(Roche Applied Science, Indianapolis, IN). Plates were dant and control vs. caspase inhibitor). Similar results read using an automated ELISA reader.
were obtained after 24 h in culture.
Apoptosis Assay
At 3 and 6 h after seeding, cytoplasmic histone-associated DNA fragments in cell lysates were measured using Cell Death Detection ELISA Plus (Roche). Plates were read at 405 nm in an automated ELISA reader.
Albumin Synthesis
At 6 and 24 h after seeding, culture medium was collected and analyzed for rat serum albumin using the Rat Albumin ELISA Quantitation Kit (Bethyl Laboratories, Inc., Montgomery, TX).
Ammonia Clearance
At 6 and 24 h after seeding, ammonium chloride (2.0 mM) was added to the culture medium. After incubation for 15 h, ammonia and urea concentrations in the culture medium were measured using a Nitrogen Diagnostic kit (Roche). WST-1 into formazan was determined using the Cell
WST-1 Test

Apoptosis Assay
At 3 h, the amount of cytoplasmic histone-associated DNA fragments in the cell lysate was highest in the control group of hepatocytes (Fig. 2 ). In the antioxidant group, the amount of cytoplasmic histone-associated DNA fragments was lower than the control group, but the difference was not statistically significant either at 3 h (p = 0.0552) ( Fig. 2 ) or 6 h (p = 0.1265). In the caspase inhibitor group, there were no detectable cytoplasmic histone-associated DNA fragments after 3 h (Fig. 2) ; after 6 h, a small amount was detected and the difference from the control group was significant ( p < 0.0001).
Albumin Secretion
At 6 h, albumin secretion into the culture medium by antioxidant-and caspase inhibitor-treated cells was significantly higher than that of control hepatocytes (Fig. 3) . Similar results were obtained at 24 h. (Fig. 4) ; a significant difference was noted at 24 h (p = 0.0372). In the caspase inhibitor group, urea synthesis after 6 h ( Fig. 4 ) and 24 h was significantly higher WST-1 Test than the control group ( p < 0.0001). No significant dif-No significant differences were seen between the ferences in ammonia clearance were seen with the anticontrol and antioxidant groups at either 6 h ( Fig. 6 ) or oxidant group compared to the control group at both 6 24 h. Caspase inhibitor-treated hepatocytes had signifih ( Fig. 5 ) and 24 h. On the other hand, with the caspase inhibitor group, values were significantly higher both at 6 h (p = 0.001) ( Fig. 5 ) and 24 h ( p = 0.0001). group, and at 6 and 24 h after culture the number of blebbed cells increased. In the antioxidant and caspase inhibitor groups, there were some blebbed hepatocytes after thawing; after seeding, the number of blebbed cells did not increase.
DISCUSSION
Cryopreservation induces cell damage, mitochondrial and other functional alterations, and apoptosis with activation of the caspase cascade (11,18,28). Delayed decline in cell numbers following cryopreservation is believed to be due to a combination of delayed-onset necrotic and apoptotic cell death (4). Several groups reported that UW solution significantly improved the viability of cryopreserved hepatocytes and decreased caspase-3 activation (1,3,8). Therefore, we selected UW solution as the freezing solution. DMSO delays and reduces ice formation during the freezing process, resulting in decreased cellular damage (9,12). We used 10% vation. Many investigators used controlled rate methods and/or a programmable freezing chamber. However, several groups reported success without them. The use cantly higher levels of formazan at both 6 h (p < 0.0001) of a programmable freezing chamber did not result in (Fig. 6 ) and 24 h ( p < 0.0001).
better results than use of a −70°C freezer before placing the cells into liquid nitrogen (7, 8, 25) . We used a −70°C Cell Morphology freezer before placing cells in liquid nitrogen. Light microscopic appearance after seeding showed Hepatocytes cultured in a double gel configuration differences among the three groups. Just after thawing, could be frozen to −80°C and stored for up to 30 days there were many blebbed hepatocytes in the control with the majority of cells surviving (5, 17, 20) . Albumin concentration in the culture medium for cells precultured 24 h prior to cryopreservation was consistently higher than that observed with freshly isolated cells that had been cryopreserved and thawed (14). This suggests that culture techniques can alter the ability of cells to survive the stress of cryopreservation and thawing. The role of encapsulation on the ability of hepatocytes to survive cryopreservation and thawing has been studied; encapsulation of isolated hepatocytes prior to cryopreservation resulted in an increase in postthaw viability (13,18). Hepatocytes entrapped in calcium alginate beads retained their ability to metabolize xenobiotics and to respond to prototypical inducers after long-term storage in liquid nitrogen (22) . Transplanted cryopreserved encapsulated porcine hepatocytes were as effective as fresh hepatocytes in preventing death from acute liver failure in rats (23) . These studies suggest that immobilized hepatocytes may be less sensitive to the freeze-thaw process than suspended hepatocytes. During cryopreservation, mitochondrial depolariza- 
Cold-induced apoptosis is inhibited by antioxidants (21,
A molecular basis of cryopreservation failure and its mod-26). In a preliminary study, we demonstrated that α- function after cryopreservation (19, 27) . In ischemia- 
